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SECTION 1
INTRODUCTION

1.1 BACKGROUND

High performance United States Air Force Aircraft are

being fitted with transparencies utilizing polycarbonate (MIL-P-
83310) material as the structural ply. Polycarbonate offers many
advantages as a structural transparency material, having
excellent impact (e.g., birdstrike) resistance as well as
acceptable optical and thermal properties. Polycarbonate impact
resistance is influenced by a variety of parameters including
thickness, temperature, ply configuration, processing procedures,

surface finish, aging, and environmental exposure. In order to
optimize the impact resistance of a candidate transparency
design, the transparency designer must be able to evaluate the
effect of these parameters.

Several test techniques exist for evaluating the impact
resistance of polycarbonate, including the falling weight,
notched Izod, notched Charpy, high rate flexure, high rate
tension, and air cannon techniques. Reference 2 briefly
discusses and compares these techniques (including methods,
equipment, capcbkilities, and costs). The air cannon technique is
the subject of the present report. A projectile is propelled by
a compressed gas or powder charge through a gun barrel into the
specimen. Projectile velocities of up to 3,000 ft/sec are
possible for the 1.5-inch-bore cannon installed at the UDRI

2,10

Impact Physics Gun Range used in the present investigation.

One potential advantage of the air cannon technique is
- that high specimen strain rates can be achieved (up to 10,000
in/in/sec for the UDRI 1.5-inch cannonz). Peak strain rates of
100-450 in/in/sec have been computed by UDRI from a limited




number of high-speed films of birdstrike tests on T-38 and F-111
windshields. Reference 3 cites birdstrike induced strain rates
of 30-200 in/in/sec. 1In addition, tensile testing of
polycarbonate has demonstrated that the polycarbonate material
properties are strain rate dependent.4 With the air cannon test
technique the potential therefore exists for performing impact
screening of polycarbonate specimens at strain rates
characteristic of birdstrike. The program documented Lerein was
initiated to evaluate the use of the air cannon test in

determining polycarbonate impact resistances.

1.2 OBJECTIVES
The objectives of this test program were:

1. Collect data to show the effects of various test

parameters on air cannon test results.

2. Compare air cannon test results and trends with
falling weight test results and trends (the falling
weight test technique is an ASTM standard test method?t’?
for impact resistance testing of polycarbonate).

1.3 APPROACH

Air cannon tests were performed and the following test
results recorded: strain rate, failure energy, percent reduction
in plate thickness, and failure mode. The test results were then
correlated with changes in the test parameters. This correlation
was performed to determine the effects of changing a single test
parameter (such as plate span/thickness/boundary conditions and
projectile diameter/mass/velocity) on the test results. From
this correlation, test result-versus-test parameter trends were

obtained.




Finally, air cannon test results and trends were
correlated with falling weight test results and trends.
Significant Jifferences in the results/trends due to the high
strain rates (typical of birdstrike) associated with the air
cannon test would mean that the air cannon test would be better
suited for impact resistance screening of polycarbonate in terms
of achieving the strain rate effects associated with birdstrike.
Some falling weight data was already available for comparison;
additional data needed for determining falling weight result-
parameter trends was obtained by performing the needed falling
weight tests.




SECTION 2
TEST PROGRAM

2.1 TEST SPECIMENS

The test specimens were square plates bandsawed from new
General Electric 9030 series commercial-grade Lexan sheet.
Commercial grade Lexan was used because: (1) its impact
resistance is similar to that of MIL~-specification
polycarbonatez; (2) the cost is lower and the material more
readily available than MIL-specification polycarbonate; and (3) a
direct comparison of results with those of a previous test
program2 which used 9030 Lexan was needed. (The basic difference
between MIL-SPEC and commercial grade polycarbonate is the
optical quality. MIL-SPEC material contains fewer inclusions,
i.e., trapped particles, and had no added color, resulting in
better optical quality.) Nominal sheet/specimen thicknesses were
1/8 in., 1/4 in., 1/2 in., and 3/4 in., corresponding to actual
(measured) thicknesses of 0.115 in., 0.225 in., 0.45 in., and
0.81 in. The plate dimensions were 2 inches greater than the
test span so that edge effects from sawing were negligible and so
that adequate material was available for clamping for fixed-edge
boundary conditions. The test spans were 4, 5, 8, and 10 inches,
so that the corresponding specimen sizes were 6 in. by 6 in., 7
in. by 7 in., 10 in. by 10 in., and 12 in. by 12 in. Seven
replicates were fabricated for each test result that was to be
obtained.

An identifying code was engraved near the edge of each
specimen. For the air cannon specimens the code was of the form
"X~-YY", where "X" was a letter indicating the test group (A-W)
and "YY" was a two-digit identifier (01-07) to distinguish
samples within the same test group. The code for falling weight
specimens consisted of the letter "F" for falling weight followed




by a code of the form "X-YY", where "X" was a letter indicating
the test group (A-I) and "YY" was a two-digit identifier (01-07)
to distinguish samples within the same test group.

Figures 2.1 - 2.6 are drawings showing each specimen in
its parent sheet.

2.2 AIR CANNON TEST SETUP

Figure 2.7 shows the air cannon test setup. A 6-foot
long, 1.5-inch bore (inside diameter), thick-~walled steel tube,
supported on a heavy I-beam, served as the gun barrel. The
propellant was either compressed helium (100~500 psi) for lower
velocities (100-250 ft/sec) or Bullseye gun powder for higher
velocities (250~1100 ft/sec). A vent section attached to the end
of the gun barrel released driving pressure from the rear of the
projectile package as it left the barrel.

Projectiles were placed in a polycarbonate sabot
(carrier) for launching. The sabots were 1l.5-inch-outside
diameter cylinders, with the inside machined to hold the
projectile. The sabots were stripped from the projectiles in the
stripper section of the gun to keep the sabot from traveling on
into the test specimen. The stripper section had a gradually
tapering inside diameter which "pinched" the sabot, decelerating
it to a stop while allowing the projectile to continue on
trajectory to the target.

Between the launcher and target the projectiles passed
through two laser beams which triggered on, and then off, an
electronic timer. Because the lasers were spaced a known
distance apart, projectile velocity was computed as the laser
spacing divided by the elapsed time between the lasers.

After passing through the lasers, the projectiles
prog:+. .ed on into the test specimen. A "picture frame" fixture




Scale: 1 inch = 1 foot

F1 | F2 |F3 |F4 |F5 |F6 |F7

FC-1 |FC-2 |FC-3 |FC-4 |FC-5 |FC-6

FC-7 |FG-1 [FG-2 [FG-3 |FG-4 [FG-5

FG-6 |FG-7 |FH-1 |FH-2 |FH-3 |[FH-4

FH-5 |FH-6 [FH-7 |[FI-1 |FI-2 [FI-3

FI-4 |FI-5 |F1-6 [F1-7 |SParejSpare

Figure 2.1. Specimen Layout for 0.125-inch Polycarbonate
Sheet.




Scale: 1 inch = 1 foot

G1 G2 |G3 G4 G5 G6 G7

Figure 2.2. Specimen Layout for 0.25-inch Polycarbonate Sheet.
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Scale: 1 inch = 1 foot

ol 05
02 06
03 07
04 Spare

Figure 2.6. Specimen Layout for 0.75-inch Polycarbonate
Sheet.
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Air Cannon Test Setup.

Figure 2.7.




with a 10~-inch square opening was used to support the specimens.
The frame was fabricated from a heavy (6-inch~-deep) steel I-beam
for rigidity. Specimens to be simply supported were taped onto
the front of the frame (i.e., the side facing the oncoming
projectile). Specimens to be clamped around their perimeters
were sandwiched between two annular, l-inch-thick aluminum
plates, giving circular openings of 4, 5, or 8-inch diameters
depending on which set of plates was used. The annular plates
were the same ones used for supporting falling weight test
specimens. The sandwich assembly was bolted and C-clamped to the
I-beam frame as shown in Figure 2.8. The specimen support
fixturing was housed inside a steel box to contain the
projectiles in case of ricochet off of or penetration through the
specimens.

Seven different projectile types were used for the
tests, as shown in Figure 2.9. The projectiles were designed to
test the effects of varying nose diameter, holding mass constant,
and of varying mass, holding nose diameter constant. All
projectiles had hemispherically shaped noses.

The Type 1 projectile was a commercially available steel
ball bearing. The Type 2 - Type 7 projectiles were turned on a
lathe to the geometries shown. The Type 2,3,5,6, and 7
projectiles were fabricated from AISI Ol steel and hardened to R,
47-50. The Type 4 projectile was fabricated from 6061-T6
aluminum to achieve the desired mass. Two replicates of each
projectile type were fabricated except for Type 4. Seven Type 4
replicates, one for each shot, were fabricated since the
relatively soft aluminum was expected to permanently deform on
impact, making a projectile unusable for subsequent shots. The
surface finish of the machined projectiles was approximately 80
pin.

13




Figure 2.8. Support Frame for Air Cannon Test Setup.




1.0 inches

Figure 2.9. Projectiles for Air Cannon Tests.
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The geometry of several of the impactor types deviated
from the simple constant-diameter cylindrical shape. The Type 4
and 5 impactors were "mushroom" shaped to achieve a desired nose
diameter while maintaining a desired mass and a length-to-
diameter ratio that would provide stable flight (typically 2:1 or
more). The Type 2 impactor consisted of two pieces - a 2ose and
a sleeve. This construction provided for easier removal of the
projectile if it became imbedded in a specimen and allowed for
replacement of the relatively long, slender nose should it buckle
during impact.

The initial sabot geometries were designed so that the
projectiles had 0.013-inch radial clearance with the inner sabot
wall. During testing it was found that some of the projectile
types tended to tumble toward their targets due to interference
with the sabot walls during the sabot stripping portion of the
shot. The inside sabot diameter was therefore increased to
provide 0.025 - 0.030 inch of radial clearance. In addition, the
outside diameter was reduced to approximately 1.35 inches (from
1.50 inches) along the front half of the sabot to prevent
pinching of the front end of the sabot by the sabot stripper.
Typical standard and modified sabots are shown in Figure 2.10.

2.3 AIR CANNON TEST PROCEDURE

Table 2.1 presents the air cannon test matrix. Twenty-
three sets of seven tests each were performed, for a total of 161
tests. Several test parameters were varied to determine their
effects on the results. These parameters included plate
thickness and span; specimen edge fixity; and projectile
diameter and mass (velocity). Table 2.2 is a re-arrangement of
Table 2.1 showing the test sets used to investigate each test
parameter.

16
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TABLE 2.1

AIR CANNON TEST MATRIX ARRANGED BY SPECIMEN GROUP

Specimen Number PROJECTILE _ a PLATE
Group of Diameter, Mass|Thickness Span, Boundary b
Specimens Type| (in) (g) (in) l(in) Conditions
A y 1 1.0 67 .5 10 SS
B y 1 1.0 67 .5 10 C
C 7 1 1.0 67 .5 4 C
D 7 1 1.0 67 .5 5 C
E T 1 1.0 67 .5 8 C
F 7 1 1.0 67 .125 y c
G T 1 1.0 67 .25 y C
H 7 2 .25 67 .5 5 C
I 7 3 .5 67 .5 5 c
J 7 y 1.5 67 .5 5 C
K 7 5 1.0 126 .5 5 C
L 4 6 1.0 290 .5 5 C
M 7 7 1.0 4o2 .5 5 C
N h ] 1.0 67 .5 5 SS
0 7 1 1.0 67 .75 8 C
P 7 3 .5 67 .125 y C
Q 7 2 .25 67 .125 MC C
R 7 5 1.0 126 .5 10C C
S 7 6 1.0 290 .5 10C C
T 7 T 1.0 4o3 .5 10 C
U 7 5 1.0 126 .5 8 C
) 7 6 1.0 290 .5 8 C
W T 7 1.0 403 .5 8 C

a . . . .
Nominal thicknesses given. See text for actual thicknesses.

bSS=Simp1y Support, C=Clamped

€10 in. x 10 in.=-square opening; all others circular of given
diameter.

18




TABLE 2.2

AIR CANNON TEST MATRIX ARRANGED BY TEST VARIABLE

" Variable  Specimen PROJECTILE ~— PLATE ~~
Investigated Groups diameter Mass Thickness Span Boundary
Type (in) (g) (in) (in) Conditions
Boundary A 1 1 67 .5 102 SS
Conditions B 1 1 67 .5 10 o
N 1 1 67 .5 5 SS
D 1 1 67 .5 5 C
Plate C 1 1. 67 .5 4 C
Span D 1 1. 67 .5 5 C
E 1 1 67 .5 8c C
B 1 1 67 .5 10 C
Plate F 1 1 67 .125 y C
Thickness G 1 67 .25 il C
C 1 1 67 5 Yy C
F 1 1. 67 .125 i C
G 1 1. 67 25 y C
D 1 1. 67 5 5 C
0 1 1. 67 75 8 C
Projectile H 2 25 67 5 5 C
Diameter I 3 5 67 5 5 C
D 1 1 67 5 5 C
J Y 1.5 67 5 5 C
Q 2 25 67 125 h C
P 3 5 67 125 y C
F 1 1 67 125 Y C
Projectile D 1 1 67 .5 5 C
Mass and K 5 1 126 .5 5 C
Velocity L 6 1 290 e 5 C
M 7 1 4o2 . 5 C
B 1 1. 67 .5 10 C
R 5 1. 126 .5 10c C
S 6 1. 290 .5 10C C
T T 1. 403 .5 10 C
E 1 1 67 .5 8 C
U 5 1 126 .5 8 C
v 6 1 290 .5 8 C
W 7 1 403 .5 8 C

g Nominal thickneses given. See text for actual thicknesses.
c SS = Simply Supported, C = clamped
10 in. x 10 in.-square opening; all others circular of given diameter.
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The results recorded for each test were specimen failure
mode, absorbed energy to failure, and percent reduction in
specimen thickness. To obtain specimen failure mode, the impact
site of the tested specimens was observed, noting whether the
specimen tended to fail in bending, shear, or tension.

Failure energy was defined as the minimum energy
absorbed by the specimen that produced a visible, open crack,
(see Figure 2.11). The failure energy was taken to be equal to
the kinetic energy of the projectile (that is, all the projectile
kinetic energy was assumed to be absorbed by the plate). The
failure energy was therefore computed from

E = mv2/2
where
E = failure energy, ft-1b

M = projectile mass, lb-secz/ft
v

projectile velocity, ft/sec

The seven replicates per test group allowed the projectile
velocity to be varied on each shot so as to bracket and approach
the failure energy.

Strain rates were recorded for comparison with those
typical of birdstrike (see Section 1.1). Appendix A details the
computation of these strain rates based on measured values of
strain and projectile velocity. The computed values are time-
averaged values of strain rates rather than instantaneous values;
that is, they represent the average strain rate over the impact
event duration rather than the strain rate at one specific
instant of time.

20
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Typical Threshold of Failure Crack.

Fiqure 2.11.




Percent reduction in specimen thickness was recorded to
provide a measure of ductility. It was computed from

$ R="% x 100%

%

where

% R = percent reduction in thickness
to = specimen thickness before impact, inches
t = specimen thickness after impact, inches
Measurement of post-test thickness was performed with a
micrometer generally at the center of impact.

2.4 FALLING WEIGHT TEST SETUP

The falling weight test setup is shown in Figure 2.12.
The test apparatus consisted of a supporting frame and concrete
base, adjustable span plate supports, clamping rings for fixing
the specimen edges, loading noses, detachable, interchangeable,
and variable-mass drop weights, two-cable system to guide the
weights to specimen center at a velocity approaching free fall,
automatic release mechanism, and rebound catch mechanism to
prevent multiple impacts on a specimen due to impactor rebound.

Loading noses of AISI 01 steel were turned on a lathe to
diameters of 0.25, 0.5 and 1.0 inches. They were hardened to Rc
47-50. The as-machined surface finish was approximately 80 pgin.

2.5 FALLING WEIGHT TEST PROCEDURE
Table 2.3 presents the falling weight test matrix. Nine

sets of seven tests each were performed, for a total of 63 tests.
The effects of plate span, plate thickness, and projectile
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TABLE 2.3

FALLING WEIGHT TEST MATRIX ARRANGED BY SPECIMEN GROUP

Number Projectile Plate a Plate Plate
Specimen of Dia@eter Thigkness Span Boupdary b
Group Specimens (in) (in) (in) Conditions
FA 7 1.0 .5 8 C
FB 7 1.0 5 y C
FC 7 1.0 .125 y C
FD 7 .5 .5 5 C
FE T 25 5 5 C
FF 7 1.5 5 5 C
FG 7 .25 .125 h C
FH T .5 .125 y c
FI T 1.5 .125 y C
pB® 15 1.0 .25 4 c
cc® 15 1.0 .5 5 C
pac-d 13 1.0 .31 4 c

3Nominal thicknesses given. See text for actual thicknesses.
bC = Clamped
CTest results from Reference 2.

dUncoated MIL-P-83310 polycarbonate.
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diameter were investigated. Table 2.4 is a re-arrangement of
Table 2.3 showing the test sets used to investigate each test
parameter. Included are sets tested under a previous
program2 which were appropriate for this investigation and
therefore not necessary to duplicate.

As with the air cannon tests, failure mode, absorbed
energy, and percent thickness reduction were recorded (see
Section 2.3). Failure energy was again defined as the minimum
energy absorbed by the specimen that produced a visible, open
crack. It was again assumed that, at failure, all of the
projectile kinetic energy was absorbed by the plate. But the
projectile kinetic energy at impact was (neglecting cable
friction or air drag effects) equal to the projectile potential
energy prior to release. Thus the failure energy for the plate
was computed from

where

E = failure energy, ft-lbs
W = impactor weight, lbs
h = height of impactor above plate, ft

For each of the seven replicates within a test set the impactor
weight and/or height were varied so as to bracket and approach
the failure energy.

The methods for determining failure mode and percent
thickness reduction were the same as those used for the air
cannon tests.
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TABLE 2.4

FALLING WEIGHT TEST MATRIX ARRANGED BY TEST VARIABLE

Variable Projectile Plate a Plate Plate
Investi- Specimen Diameter Thickness Span Boundary
gated Groups (in) (in) (in) Conditions

Plate FBc 1.0 .5 h c

Span CcC 1.0 .5 5 C

FA 1.0 .5 8 c

Plate FCc 1.0 .125 y C

Thick- DBC q 1.0 .25 i C

ness DA™’ 1.0 .31 y C

FB 1.0 .5 b C

Project- FE 25 .5 5 C

ile FDc .5 .5 5 C

Diameter cC 1.0 .5 5 C

FF 1.5 .5 5 c

FG 25 .125 y C

FH .5 .125 y C

FC 1.0 .125 y C

FI 1.5 .125 ly C

aNominal thicknesses given. See text for actual thicknesses.
bC = Clamped.
CTest results from Reference 2.

YUncoated MIL-P-83310 polycarbonate.
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SECTION 3
RESULTS

3.1 AIR CANNON TEST RESULTS

A total of 158 air cannon tests were conducted. Table
3.1 summarizes the test results (i.e., strain rate, failure
energy, failure mode, and percent thickness reduction) by
specimen group. Table 3.2 summarizes the test results by the
variable being investigated. Appendix B presents detailed test
results for each specimen tested.

3.2 FALLING WEIGHT TEST RESULTS

A total of 56 falling weight tests were conducted.
Table 3.3 summarizes the falling weight test results, including
results of interest obtained from previous test programs. Table
3.4 summarizes the results by the variable being investigated.
Appendix C presents detailed test results for each specimen
tested.

3.3 DISCUSSION AND COMPARISON OF RESULTS
3.3.1 Strain Rates

In-plane, tension surface strains are reported in
Tables 3.1~-3.4 for all specimen groups except DA and DB.
(Insufficient data was available for these groups since they were
tested in a previous program.z) As mentioned in the
Introduction, limited UDRI test data showed peak strain rates
during room temperature birdstrike testing to be in the range of
100-450 in/in/sec, while Reference 3 cites strain rates of 30-200
in/in/sec.

Tables 3.3 and 3.4 indicate that the strain rates
achieved by the falling weight tests were generally lower than
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the range of typical birdstrike values (100-450 in/in/sec).
However, strain rates of 90-100 in/in/sec were achieved for thin
(0.125 in.) plates at small (4 in.) spans impacted by small-to-
moderate diameter noses (0.25-1.0 in.).

Tables 3.1 and 3.2 report air cannon strain rates
that are an order of magnitude larger than the falling weight
values. Many of the air cannon strain rates lay within the range
of typical birdstrike values, although the majority of air cannon
values are outside (higher than) this range. Strain rates
characteristic of birdstrike were achieved for both thick (0.5
in.) and thin (0.125 in.) plates. The data indicates that strain
rates decrease (toward birdstrike values) with decreasing
projectile diameter and decreasing projectile velocity
(increasing projectile mass). In an air cannon polycarbonate
screening program, it therefore appears that by varying these
parameters, it is possible to achieve strain rates characteristic
of birdstrike for arbitrary geometries (thickness, span, boundary
condition) of polycarbonate specimens.

3.3.2 Failure Enerqy

Figures 3.1~-3.3 present plots of failure energy
versus plate span, plate thickness, and projectile diameter,
respectively, for both air cannon and falling weight data. For
each plot, all geometric parameters (plate span and thickness,
impactor diameter, and boundary conditions) were identical for
the air cannon and falling weight data except for the parameter
being varied. Non-dimensionalizing of the plotted parameters was
not practical because of plasticity, edge effects, and change in
failure mode.

From Figures 3.1-3.3 it is apparent that failure
energy increased with increasing plate thickness, plate span, and
projectile diameter for both the falling weight and air cannon
test results. The failure energies for the air cannon tests were
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greater than or equal to the failure energies for the falling
weight tests, perhaps due to strain rate dependencies of the
polycarbonate. The results indicate that the failure energies
were nearly equal for thin (1/8 in.) specimens. As the thickness

increased, however, the air cannon energies increase more rapidly

than did the falling weight energies. (See Figures 3.1 and
3.3).

Figure 3.1 indicates that the failure energy
shows a relatively small increase with increasing plate span, as
compared with increasing plate thickness of Figure 3.2. Based on
the tests conducted, it therefore appears that failure energy of
the plates is controlled more strongly by plate thickness than
plate span. This indicates that plate failure is primarily a
local phenomena near the point of impact, where the thickness to
be penetrated is the primary energy-controlling factor, as
compared with overall bending failure, where span would become an
important factor. These results coincide with the failure mode
observations (Section 3.4) and with Reference 2.

Figure 3.3 indicates that the rate of increase of
failure energy with increasing projectile diameter depended on
specimen thickness. That is, the greater the thickness, the more
sensitive was failure energy to projectile diameter (i.e., the
steeper is the slope of the energy-diameter curve). For small
thicknesses (1/8 in.) the failure energies for the air cannon and
falling weight tests were similar. For greater thicknesses, the
air cannon energies were greater than those for the falling
weight tests. For small projectile diameters (1/4 in.) there was
little difference in failure energy between air cannon and
falling weight data, regardless of plate thickness. As
projectile diameter increased the air cannon failure energy
increased more rapidly than the falling weight failure energy for
thick (0.5 in.) plates.
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In Reference 2 it was noted that, for the few
tests conducted, the air cannon failure energy varied with
projectile velocity. Additional tests were performed as part of
the present study to verify this finding. Figures 3.4 and 3.5
present the results.

Figure 3.4 shows plots of energy versus
projectile velocity for 0.5-inch-thick plates and 1.0-inch
diameter impactors for various plate spans. Included in the plot
are falling weight results, which represent low velocity impacts,
and the results from Reference 2. The various velocities were
obtained by varying the projectile mass. Increasing mass led to
decreasing velocity at failure and conversely.

The plot indicates that for the relatively thick
(0.5.inch) specimens the failure energy changed with velocity.
For the 5-inch span results, the energy increased continually and
non-linearly with velocity. For the 8-inch and 10-inch span
results the energy increased non-linearly with increasing
velocity to a peak value, after which it decreased non-linearly
with increasing velocity. There was apparently a transition span
below which the energy increased monotonically and above which it
exhibited a peak value. The non-linearities of the energy versus
velocity curves may have been due to strain rate dependent
stiffening of the polycarbonate, specimen inertia (energy is
required to accelerate the portions of the specimen being
deformed; the significance may decrease as velocity increases
because deformation becomes more localized), and vibration
effects (overall plate bending modes and elastic wave
propogation) .

It was previously stated that, based on Figure
3.1, failure energy depended only mildly on plate span. The air
cannon tests done for the span evaluation were performed with a
67-gram spherical projectile, resulting in the highest range of
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failure velocities of any of the impactors used. Figure 3.4
shows that the failure energies for the 67g impacts did not vary
greatly with ciananging plate span. But Figure 3.4 also indicates
that for heavier impactors, resulting in lower failure
velocities, changing plate span resulted in a large change in
failure energy. Thus the effect of plate span on failure energy
depended on iti.e projectile mass, and therefore projectile
velocity. The observations noted previously in this section
concerning the effects of plate thickness and projectile diameter
on failure energy may also be velocity dependent. No data was
gathered to test these dependencies.

It is informative to observe the low and high
velocity extremes of Figure 3.4. At falling weight test
velocities (below 50 ft/sec) the energy-velocity curves tend to
flatten out. Thus for any change in velocity the change in
failure energy is insignificant. This effect is also shown in
the energy versus projectile mass plots of Figure 3.5. 1In other
words, the failure energies for falling weight tests are not
velocity dependent. 1In addition, the effect of plate span on
failure energy does not depend on projectile velocity for falling
weight tests.

At the highest air cannon velocities it appears
that the failure energies for the different spans are converging
to a single value. This would indicate that plate span has a
decreasing influence on failure energy as velocity becomes large.
This means that plate failure becomes highly localized at high
velocities. The various curves of Figure 3.4 would therefore be
expected to level out to a single energy value at very high
velocities. More test data with light-weight (30 grams or less)
projectiles would be needed to verify this hypothesis.

In summary, for the tests performed, the air
cannon and falling weight failure energies showed similar trends.
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That is, failure energy increased with increasing plate span,
plate thickness, and projectile diameter, and decreasing edge
fixity. Plate thickness appeared to have the greatest effect on
failure energy of the three geometric parameters (that is,
doubling the thickness changed failure energy more than doubling
span or projectile diameter).

The air cannon failure energies were consistently
greater than or equal to the falling weight failure energies.
The strain-rate dependent behavior of the polycarbonate may have
contributed to the difference in failure energies. For thin (1/8
inch) plates and small (1/4 inch) diameter projectiles, however,
the difference was negligible.

For the falling weight tests the failure energies
were found to be independent of impactor mass/velocity, so that
the energy versus parameter trends and dependencies were
predictable. The air cannon results, however, were found to be
strongly velocity dependent in non-linear fashion. The energy
versus parameter trends and dependencies reported in this section
may therefore change for other combinations of projectile
mass/velocity. Using the air cannon test method for material
screening would require accurately knowing the velocity
dependencies of the test parameter. More testing is needed to
fully characterize these velocity dependencies.

3.3.3 Failure Mode

In Section 2.3 threshold of failure was defined as a
visible, open crack in the material due to projectile impact. 1In
practice, visible, open cracking was achieved fairly regqularly
with the falling weight test method but very seldom with the air
cannon test method. Air cannon specimens either plastically
deformed without cracking or allowed penetration of the
projectile. One phenomena that was achieved fairly regularly and
which may provide a more practical alternative to the threshold
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of failure in air cannon testing was the ballistic limit.>’®

ballistic limit is defined here as minimum penetration of the

The

specimen, that is, the projectile penetrates the specimen and
either imbeds itself in it (see Figure 3.6) or exits the specimen
with nearly zero velocity, so that it drops to the ground. For a
given test setup, the ballistic 1limit energy would be higher than
the threshold of failure energy though it is felt that the
difference would be small, because much more energy would be
required to form a crack than to open an existing one.

Additional testing would be needed to verify this hypothesis.

Overall plastic bending of the plates was investigated.
The amount of overall deformation depended on the velocity of
impact. Lower velocities resulted in more deformation because
the entire plate had more time to bend before failure, whereas
high velocities caused local failure before much overall bending
occurred. Thus, falling weight test specimens showed more
overall permanent deformation than did the air cannon specimens
(see Figure 3.7). The same trend was observed among air cannon
test specimens impacted at different velocities, although the
amount of permanent deformation for any of the velocities was
small compared with the falling weight test specimens. The
overall bending of the falling weight specimens may have provided
a significant component of stress in the tension surface that was
small for the air cannon specimens, contributing in part to the
lower failure energies noted in Section 3.1.

Observation of failed (penetrated) plate failure modes
were made. Three distinct failure modes were noted. The most
common was "petalling", a local bending failure whereby the
material reached its ultimate strength at the surface in tension,
causing the specimen to split open into two or more lobes or
petals (see Figure 3.8). The next most common failure was
"cupping", a tensile failure whereby the material was ductilely
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stretched out by the projectile until large in-plane (tensile)
loads developed, which exceeded the material’s ultimate strength,
causing a "cup” to be punched out around the nose of the impactor
(see Figure 3.9). The third failure mode, termed "plugging",
occurred only during one group of falling weight tests (group
FE), and not during air cannon tests. Plugging was a shear
failure of the specimen whereby a cylinder (plug) of material, of
diameter equal to that of the projectile, was punched out of the
specimen (see Figure 3.10). All of the failure modes observed

are commonly noted in the ballistic penetration literature.5’7'8

Table 3.5 summarizes the failure modes for similar air
cannon and falling weight test setups. The failure modes for the
two test methods were, with one exception, identical for a given
specimen and projectile geometry. The only exception was for a
narrow impactor (0.25-inch diameter) on a relatively thick plate
(0.5 inch), where the air cannon plates failed by petalling while
the falling weight plates failed by plugging.

From Table 3.5 it appears that plate span had no
influence on failure mode. Plate thickness and projectile
diameter did, however, influence, and apparently determined, the
failure mode. These two parameters were not independent, but
interacted to determine the failure mode. The ratio of the two
parameters appears to have determined the failure mode. The
following correlation of diameter-to-thickness (d/t) and failure
mode are drawn from Table 3.5:

d/t <1/2 —~=-===- > Plugging
l1 <d/t €< 4 —=~——vmm- > Petalling
d/t > 4 —=--=we=- > Cupping

These guidelines, with verification and refinement from
additional testing, could be used to ensure a given failure mode
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Figure 3.10. Typical Plugging (Shear) Failure.
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is achieved in designing a material screening test program.
Based on the data of Table 3.5, these guidelines appear to apply
to both falling weight and air cannon test results, although, as
previously mentioned, there was a difference in failure mode for
a/t = 1/2.

The dependency of failure mode on projectile velocity
was also investigated. Table 3.6 summarizes the failure modes
for various impact velocities. The results indicate that
velocity did not affect failure mode for the air cannon tests.
It should be noted, however, that velocity probably had some
influence on failure mode, based on comparison of air cannon and
falling weight tests. Air cannon test group H failed in
petalling while the corresponding falling weight test group FE
failed in plugging. All test conditions were identical except
for projectile mass and velocity. The difference in velocity
therefore appears to have caused the difference in failure modes
between these test groups.

In summary, the failure modes were generally the same
for identical air cannon and falling weight test setups. Span
did not influence failure mode of either test method. Velocity
had little influence on failure mode, leading to differences
between air cannon and falling weight results in only one test
configuration. The ratio of projectile diameter to plate
thickness was noted to correlate well with the three observed
failure modes. Overall plastic bending of the plates increased
with decreasing impact velocity. The stress induced by this
deformation may have contributed to the lower falling weight
failure energies (as compared with the corresponding air cannon
energies). Finally, threshold of failure was difficult to
achieve in practice with the air cannon test. The ballistic
limit may provide a more practical failure initiation criteria
for air cannon tests.
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3.3.4 Percent Reduction in Thickness

The post-test thickness was often found difficult to
measure because of the jaggedness of the failed surfaces. This
was especially true of the air cannon specimens. It was found
that the greatest reduction in thickness generally occurred at
the center of impact of the falling weight specimens and off-
center (near the shoulder of the deformed region) for the air
cannon specimens, indicating more shearing of the air cannon
specimens.

Tables 3.7 and 3.8 summarize and compare percent
reduction in thickness data for the air cannon and falling weight
tests. The falling weight data showed no correlation with plate
span, plate thickness, or impactor diameter. The air cannon
results showed no correlation with plate span or projectile
diameter. (Reference 2 indicated that percent reduction in
thickness increased with decreasing projectile diameter.)
However, the percent reduction in thickness did decrease with
increasing plate thickness. From Table 3.8 it also appears that
the percent reduction in thickness was velocity dependent. The
percent reduction in thickness decreased with increasing velocity
(decreasing mass). (Reference 2 did not show any velocity
dependency but air cannon data was limited.) The falling weight
test percent thickness reductions were thus generally greater
than the air cannon results, so that the falling weight test
provided greater sensitivity to percent reduction in thickness.
The data in Table 3.7, when compared with failure mode data,
shows that percent reduction in thickness changed little when
transitioning from cupping to petalling failure, but did decrease
sharply when transitioning from petalling to plugging.

In summary, Reference 2 concludes that percent reduction
in thickness may provide a means of comparing impact resistances

of polycarbonate specimens even if geometric parameters such as
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plate thickness differ between the specimens being compared. The
data collected in the present study supports this conclusion with
respect to falling weight testing. The falling weight data was
independent of plate and projectile geometry and projectile
velocity. The only dependency observed was with failure mode.
Thus percent reduction in thickness is a very flexible means of
comparing impact resistances of polycarbonate plates tested by
the falling weight technique. The air cannon percent reduction
in thickness depended on plate thickness and projectile velocity
as well as failure mode. These dependencies limit the
flexibility of the percent reduction in thickness in comparing
impact resistances of various polycarbonate plate specimens
tested by the air cannon technique.
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SECTION 4
CONCLUSIONS

The following conclusions were reached as a result of
this investigation.

1. The air cannon strain rates were generally higher than
those typical of birdstrike. However, strain rates in the range
typical of birdstrike were achieved for both thin (0.125 inch)
and thick (0.5 inch) plates. The data indicates that it may be
possible to achieve strain rates characteristic of birdstrike for
a given plate geometry by varying projectile mass and diameter.

2. The falling weight strain rates were generally lower
than those typical of birdstrike. Strain rates coinciding with
the low end of the birdstrike range were only achieved for thin
(0.125 inch) plates.

3. The energy versus geometric parameter trends for the air
cannon tests were the same as those for the falling weight tests;
that is, failure energy increased with increasing plate span,
plate thickness, and projectile diameter.

4. Failure energy and percent thickness reduction were
found to be nonlinear functions of projectile velocity (and thus
projectile mass) for the air cannon test. Falling weight failure
energy and percent thickness reduction did not depend on
projectile velocity or mass.

5. The air cannon test technique achieved the required

failure energy for all geometries of specimens. The falling
weight test achieved the required failure energy for all but very

56




thick (0.75 inch) plates, for which drop height and impactor
weight maximum limits were insufficient to cause failure.

6. For the air cannon test, onset of specimen failure
occurred most often as the ballistic limit, rather than the
threshold of failure. Threshold of failure was achieved
regularly with the falling weight test.

7. The test data (both air cannon and falling weight)
indicated that the ratio of projectile diameter to plate
thickness determined the specimen failure mode. For identical
test geometries, air cannon failure modes were the same as the
falling weight failure modes, with one exception.
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SECTION 5
RECOMMENDATIONS

The following are recommended as a result of this
investigation.

1. Based on the test data reported herein, the air cannon
test technique should be used for impact resistance screening of
polycarbonate sheet whenever obtaining strain rates
characteristic of birdstrike is deemed critical (and specimen
thicknesses exceed 0.125 inch; see Conclusion 2). The falling
weight test method should be used for polycarbonate impact
resistance screening whenever strain rate is considered to be of
lesser importance, since good qualitative results can be obtained
and test and maintenance costs are low compared to the air cannon
technique. However, it may be necessary to use the air cannon
technique to screen very thick (0.75 inch) specimens if failure
cannot be achieved by the falling weight technique. (An
alternative would be to use beams rather than plates for
thickness greater than 0.5 inches.)

2. If air cannon testing is to become a requirement, then
it is recommended that an ASTM standard test method be developed.
Such a test method would provide testing guidelines which would
properly account for velocity-dependent behavior so that
meaningful test results are ensured.

3. If Recommendation 2 is pursued, then additional air
cannon testing should be performed to:

a. Determine the effects of projectile velocity (mass)
on failure enerqgy versus plate thickness and projectile
diameter;
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b. Determine the failure energy of thick (0.5 inch)
plates of various spans at very high projectile velocity
(projectile mass of 30g), in order to complete the energy
versus projectile velocity curves presented in this
report;

c. Verify that ballistic limit energies are
approximately the same as threshold of failure energies;
and

d. Better define the ratios of projectile diameter to
plate thickness at which plate failures transition from
one failure mode to another (falling weight tests would
also be suitable).

4. Review films and literature to better document strain
rates for transparencies subject to birdstrike.
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APPENDIX A
COMPUTATION OF SPECIMEN STRAIN RATES




A. INTRODUCTION

In-plane strain rates are computed for the tension surface
of polycarbonate plate specimens tested by either the air cannon
or falling weight technique. The strain rates are computed from
measured values of projectile velocity and specimen strain. The
computed strain rates are time~averaged values (over the duration
of the impact event) rather than instantaneous values.

B. NOMENCLATURE

!ariablg Units Description
a in Radius of circular plate
b in Side length of square plate
d in Forward travel distance of

projectile after impact

dp in Total plastic deflection of plate
e in Total elastic deformation of plate
E psi Plate tensile elastic modulus
h in Height of deformed plate
L in In-plane deformed length
20 in In-plane length prior to
deformation
in Projectile radius
! in Modified projectile radius (see
note below)
£ in Plate thickness after impact
T sec Duration of impact
v in/sec Projectile velocity
a - Constant for square plate

calculations
B - Constant for square plate
calculations

€ in/in Total in-plane strain
€e in/in In-plane elastic strain
ep in/in In-plane plastic strain
¢ in/in/sec In-plane strain rate




0 psi Radial normal stress
oe psi Tangential normal stress
0, psi Thickness normal stress
L psi Xx-direction normal stress
oy psi y-direction normal stress
Oy psi Yield stress of plate

v - Poisson's ratio of plate

NOTE:
?
For ro > 0.5 to’ £l

]
r, < 0.5 to’ ro

r
o
ﬁ.6r§ et - 675t

C. STRAIN RATE DERIVATION
1. General Strain Rate Equation
The strain rate is given by
¢ = /T (1)
where € = the total strain (sum of elastic and plastic
strains, e_ and ep), and
T = elapsed tifie from“instant of impact to stop of

forward projectile motion.

The strain rates are therefore time averaged over the duration of

o S ——
@@ﬁwu

.

QD d + fre—

Figure A.l. Specimen Measurements for Computation
of Strain Rates.




2. Elastic Strain Computation

The elastic strains are computed from the Hookean
constitutive equation

€y = (or—voe—voz)/E (2)

(Note that for square plates, Oy and o, replace o_, and o,.)
Neglect thickness (z-direction) effectg, so that o_=0. Rlso note
that, for circular plates subjected to central transverse
loading, 0,=0g- Finally, note that, for all the plates tested in
this program, permanent overall bending deformation was present,
meaning that all plates experienced the maximum possible elastic
bending deformation when impacted. In other words, 0,=0g=0y

(likewise, °x=°y=°Y)' Equation 2 thus becomes

€, = (1-v) OY/E (3)

3. Plastic Strain Computation

The plastic strain was computed from measurements taken
from tested specimens using the equation

€y = (1—20)/20 (4)

Figure A.1 shows the definitions of 2 and &, . Measurements were
made on one specimen from each group, namely, the one that had
the highest absorbed energy without failure (ductile deformation
only).

4. Duration of Impact Computation

The duration of impact, T, was computed from

T = d/(%v) (5)
where d = distance traveled by projectile from moment of
impact to stop of forward motion, and
v = impact velocity

The average velccity (lv) is used (ini;ial velocity is v, final
velocity is zero, average velocity is §(v+0)=§v).

The distance of projectile travel, d, consists of overall elas‘ic
deflection, overall plastic deflection, and local plastic
deflection. The overall and local plastic deflections were




computed from measurements taken from tested specimens using the
equation

d = h -t 6

p (6)
where d_ is the total plastic deflection (overall plus local) and
h and tYare measured as shown in Figure A.1. The elastic

deflection, e, is computed using handbook linear elastic,
isotropic plate formulas, noting that the elastic limit is
attained. Equation 5 thus becomes

T = 2(e+h-t)/v (7)

The formulas for e vary depending on shape (circular or square)
and boundary conditions,(clamped or simply supported). Summary
formulas based on Roark” are presented:

a. Clamped, Circular plate

From Reference 9, Case 16, p. 366, combining
equations for flexural rigidity, moment, and deflection gives

2

o. a“ (1-v)
e = 3 - (8)
2E t ln(F—T)
o)

b. Simply Supported Circular Plate

From Reference 9, Case 17, p. 367, combining
equations for flexural rigidity, moment, and deflection gives

0.a% (3+v)(1-v)

e = Y (9)
2Et[ (1+v) 1n(——.—ra )+1)
(o]

¢. Square Plate, All Edges Clamped

From Reference 9, Case 8b, p. 393, combining
equations for stress and deflection gives

2T o b2 0
e = y (10)
3EL[(1+v) 1n(—EE )+B]
wro'
where a = 0.0611, B = -0.238

d. Square Plate, All Edges Simply Supported

From Reference 9, Case 1b, p. 386, combining
equations for stress and deflection gives Equation 10 with




a = 00,1267, B = 0.435

5. Specific Strain Rate Equation

Combining Equations 1, 3, 4, and 7 gives

(1-v) o Lo- %
g - v - I — (11)
2(e+h-t)

with the values for e being computed from Equations 8-10.
Equation 11 was used for computing the strain rates documented in
this report.

6. Material properties

The polycarbonate material properties used in Equations
8-11 were:

E - 355,000 psi
o, = 12,059 psi
vW= 0.37

The properties were high strain rate values obtained from
Reference 4.




D. STRAIN RATE RESULTS

Specimen e h t

1.D. (in) (in) (in) (
A-2 .607 .93 .266
B-2 .378 .9 .31
C-spare .062 .94 . 231
D-5 .083 .93 272
E-T .165 .92 .25
F-7 2u7 .82 LU
G-6 .123 .84 .082
H-7 .052 .512 .288
I-4 .058 .63 .285
J-6 111 1.14 197
K-4 .083 .99 .208
L-8 .083 .88 .222
M-3 .083 .95 .195
N-Y4§ 141 .93 .280
0-5 <1110 1.15 .53
P-T7 .165 .51 042
Q-1 123 .29 .04y
R-6 .378 .92 .236
S-7 .378 1.0 .2
T-3 .378 .92 .207
U-4 .165 .95 .207
V-6 165 1.2 .2
W-1 .165 .9 211
FA-3 .165 1.06 .192
FB-14 062 1.03 .205
FC-6 147 .94 .053
FD-3 052 67 .204
FE-4 052 .56 .308
FF = —mmmmmmmmmmem e NOT
FG-6 .123 27 .043
FH-U .165 54 .0U3
FI-7 .349 1.18 .062
CC-5 .083 1.02 .209
NOTES:

v
in/sec)

10080
9960
8556
9264
9540
3264
4788
2232
5172

11328
6276
3384
3060
9456

12120
1980
1116
7656
4932
3924
7284
4920
3180

374
385
341
356
334
TESTED
284
312
3
418

— ) D ek —d

1S e T G NN

g
(iR)

ek b b —d b

.28
.25
.28
.27
.26
.07
.1

U5
.82
.55
.22
.19
.25
.3

.57
.71
.38
.25
.29
.23
.26
.22
.2

.4

.43
.48
.92
.56

Strain
Rate
(in/in/sec)

890
1105
1334
1559
1253
1036

873

358

605
3003

793

413

Lok
1258

865

518

310

596

413

302

788

514

334

39
49
98
41

- > - aw = = m - .~ ——

- N

1. Specimen velocity unknown; average failure velocity for

group V used.

2. Insufficient data available to compute strain rates for
groups DA and DB.




APPENDIX B

SUMMARY OF AIR CANNON TEST DATA
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APPENDIX C

SUMMARY OF FALLING WEIGHT TEST DATA
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